Abstract. We report findings of a large-scale study in a 100 000-ha subsection of the Tumut region in southern New South Wales, southeastern Australia. The study was designed to measure the effects of landscape context and habitat fragmentation on forest birds. The study region consisted of a forest mosaic characterized by different landscape contexts: large, continuous areas of native Eucalyptus forest, extensive stands of exotic softwood (radiata pine, Pinus radiata) plantation, and remnant patches of native Eucalyptus forest scattered throughout the extensive areas of radiata pine plantation. A set of 85 eucalypt remnants was randomly selected across several stratifying variables: four patch size classes (1-3 ha, 4-10 ha, 11-20 ha, and Ͼ20 ha), two isolation age classes (Ͻ20 years and Ͼ20 years since fragmentation), and five dominant eucalypt forest type classes. In addition to the 85 eucalypt remnants, a further 80 3-ha sites were selected for study: 40 in large, continuous areas of eucalypt forest and 40 in radiata pine stands. Point-interval counts of forest birds at the 165 sites were conducted in 1996 and 1997.
INTRODUCTION
A considerable body of ecological theory and an increasing number of empirical studies suggest that major changes in the distribution and abundance of organisms occur in response to human-induced changes to landscapes, particularly where there is loss of habitat and fragmentation of the original vegetation cover (Saunders et al. 1987 , Andrén 1994 . Not all of the species native to a given area are necessarily disadvantaged by modifications of natural landscapes, and some species remain unaffected (Davies and Margules 1998) or even benefit (Saunders and Ingram 1995) . The variation in species response to human-derived land- 4 E-mail: davidl@cres.anu.edu.au scape change has stimulated research into determining whether particular species or sets of taxa respond in a predictable way (Terborgh 1974 , Laurance 1991 . For example, considerable effort has been expended over the past few decades to examine the theory of island biogeography (MacArthur and Wilson 1967) and associated forecasts of species diversity and species turnover in fragmented habitats (summarized by Shafer 1990 ). However, many empirical studies have produced results inconsistent with forecasts from island biogeography (e.g., Metzger 1997, Zimmerman and Bierregaard 1986) , and several reviews have questioned the applicability of the paradigm to appropriate quantification of the effects of habitat fragmentation (Saunders et al. 1991, Doak and Mills 1994) . Nested subset theory (Patterson 1987) attempts to extend the species-area relationship that underpins island biogeography theory by tracking both the numbers of species and their iden-tities on ''islands.'' Nested subset theory predicts that rare species should only occur in species-rich samples. More specifically, in the context of habitat fragmentation (see Doak and Mills 1994) , nested subset theory states that species-poor small fragments should support assemblages that are subsets of larger, species-rich fragments (Patterson 1987 , Cutler 1991 . However, a number of studies have failed to find nestedness in species' responses to habitat fragmentation (e.g., Hansson 1998, Jonsson and Jonsell 1999) . The concept of metapopulation dynamics also has been used widely to describe the spatial arrangement of subpopulations of species in fragmented environments (e.g., Arnold et al. 1993 , McCullough 1997 , particularly those taxa susceptible to localized extinction and recolonization (Hanski 1998 ). An increasing number of studies have identified species that display various types of metapopulation dynamics (e.g., Hill et al. 1996) . Nevertheless, it is not clear whether or not metapopulations are common in real landscapes. Some authors have argued that they could be relatively rare (Hastings and Harrison 1994) , in part because many species are not confined to discrete habitat patches and/or connected by infrequent dispersal (Harrison and Taylor 1997) . These considerations have stimulated Hanski and Simberloff (1997) to warn against automatically applying the metapopulation paradigm to what may initially appear to be a fragmented landscape. The use, but also the potential limitations, of the paradigms briefly outlined here (as well as others not discussed) highlight the need for large-scale experiments, not only to rigorously test these ideas, but also to better quantify species and community responses to landscape modification (Robinson et al. 1992 , Bowers et al. 1996 , Schmiegelow et al. 1997 . Important effects may be overlooked by investigations of habitat fragmentation if contrasts with unfragmented control sites are not made (Margules 1992) , if only a limited (and unreplicated) suite of remnant sizes is studied, or if the use of the landscape matrix is ignored. For example, the use of the landscape matrix can strongly influence species' responses to fragmentation (Gascon et al. 1999) . The suitability of the landscape matrix and the ability of animals to move through it may influence population persistence in patchy and fragmented landscapes (Stouffer and Bierregaard 1995 , Sarre et al. 1996 , Sisk et al. 1997 . In addition, an increase in species number in fragments can occur because of a predominance of edge or generalist taxa from the surrounding landscape matrix Lovejoy 1998, Å s 1999) , or the influx of organisms displaced from the adjacent landscape matrix (Darveau et al. 1995, Bierregaard and Stouffer 1997) . Similarly, species that persist in the landscape matrix will often also be those that persist in habitat fragments (Blake 1983 , Diamond et al. 1987 . Thus, the results of large-scale experiments that have a strong inferential basis and that enable informed proactive conservation strategies may provide the sort of information needed to limit the decline of taxa sensitive to landscape change (Burgman and Lindenmayer 1998) .
In this paper, we report results of a large-scale study of bird distribution patterns in a fragmented forest landscape at Tumut in southern New South Wales (NSW), southeastern Australia. Our study of the use of the forest mosaic at Tumut has particular relevance for the way in which highly modified wood production forest landscapes, especially those dedicated to intensive timber plantation development, can be designed to make a better contribution to wildlife conservation. The study region consisted of a forest mosaic characterized by different landscape contexts: large, continuous areas of native Eucalyptus forest, extensive stands of exotic softwood (radiata pine, Pinus radiata) plantation, and remnant patches of native Eucalyptus forest scattered throughout the extensive areas of radiata pine plantation. The fragmentation of the original Eucalyptus forest by the establishment of the radiata pine plantation occurred 15-65 yr ago and was precisely known (to the week). Birds were chosen for study because they often form species-rich assemblages (Wiens 1989 , Gill 1995 , with different taxa using a wide variety of habitats (Recher 1985) , making it possible to determine whether there are life history features (Ford 1989, Rowley and Russell 1991) common to taxa that have responded in a similar way to landscape change. Here, the principal objective was to examine whether there were differences in bird assemblages between landscape contexts, and whether these differences could be explained by measured habitat covariates or life history attributes.
METHODS

Study area
The study was undertaken in a 100 000-ha subsection of the Tumut region in southern NSW. The study region supports the following four broad classes of forest cover (termed ''landscape contexts''): (1) extensive (Ͼ50 000-ha) areas of exotic softwood radiata pine plantation (the Buccleuch State Forest) that have been established predominantly on areas formerly supporting native Eucalyptus forest; (2) remnants of native eucalypt forest that escaped clearing for plantation establishment and are now surrounded by stands of radiata pine (Fig. 1) , classified into two broad shape classes (circular or elliptical-shaped remnants, termed patches, and narrow, linear, strip-shaped remnants, termed strips, often containing watercourses); and (3) large, continuous areas of native eucalypt forest that bound the northern, eastern, and southern boundaries of the radiata pine plantation (the Kosciuszko and Brindabella National Parks as well as the Bondo and Bungongo State Forests).
Clearing of native vegetation to plant radiata pine commenced in the mid-1930s and continued until the mid-1980s. The remnants within the plantation were set aside for a number of reasons, including steepness, protection of water quality, and representativeness of the original vegetation cover. Detailed field surveys indicated that characteristics of the remnants and continuous areas of eucalypt forests such as lithology, climate, and topography could be matched in areas planted to radiata pine.
Survey design
The study region contained 192 remnants of native eucalypt forest located within the boundaries of the radiata pine plantation; 85 remnants were selected using stratified random sampling. The set of 85 eucalypt remnants was replicated across several stratified classes: four patch size classes (1-3 ha, 4-10 ha, 11-20 ha, and Ͼ20 ha), two isolation age classes (Ͻ20 yr and Ͼ20 yr since fragmentation), and five dominant eucalypt forest type classes (Eucalyptus viminalis; E. radiata; E. camphora; E. macrorhyncha and E. bridgesdiana; and E. dalrmypleana, E. pauciflora, and E. stellulata) .
In addition to the 85 eucalypt remnants, a further 80 sites were selected for study; 40 in large, continuous areas of eucalypt forest, and 40 in radiata pine stands. Recurrent thinning and clear-felling of the planted pine stands over the past 65 yr meant that the radiata pine stands very rarely contained isolated eucalypt trees, a factor that has influenced the response of some forest birds in other studies (Recher et al. 1987a) .
Climate, forest type, and geology data were used to cross-match the 165 sites in the study, ensuring that the ranges of environmental and other conditions were matched across the landscape context classes .
Important design features that provide a strong inferential basis for the interpretation of our results include the following: (1) field survey protocols were established following a pilot study ; (2) stratified selection of the eucalypt remnants ensured that the full environmental space of the study region was represented; (3) eucalypt remnant sites were replicated for each strata where possible; (4) random selection within each strata minimized the chance of bias and averaged over random factors; (5) site attributes such as geology, climate, and forest type in continuous eucalypt forest were matched to those of eucalypt remnant sites; (6) experimental units were of fixed size; (8) sites (i.e., survey transects) were chosen from a random start point on the edge of each eucalypt remnant and were directed toward the center; and (9) sampling intensity was independent of remnant size, which was appropriate for our comparative investigation.
In this study, the experimental unit was a remnant, rather than observations within a remnant. Accordingly, we selected 85 remnants instead of the alternative of choosing multiple sites in fewer remnants. In comparative studies, there are compelling statistical arguments in favor of increasing the number of experimental units rather than increasing the number of observations per unit.
Bird surveys
A permanent transect was established at each of the 165 sites (i.e., the 85 ecalypt remnants, 40 sites in large areas of continuous eucalypt forest, and 40 sites in radiata pine forest). For radiata pine sites, sites in continuous areas of native forests, and the 63 eucalypt remnant sites Ͼ3 ha, a 600 m long ϫ 50 m wide transect was set out. For the eucalypt remnant sites Ͻ3 ha, transect length was scaled relative to area. In the case of the eight 1-2 ha eucalypt remnant sites, a 200-m transect was established. A 400-m transect was established for the 14 2-3 ha eucalypt remnant sites. A continuous line of colored flagging tape was set out along the center of each transect and points were marked every 100 m, starting at 0 m. Thus, for most sites, bird data were recorded at seven plots using a 5-min pointinterval count (sensu Pyke and Recher 1983) .
Two surveys for birds were undertaken, one in late October-early November 1996 and a second in late October-early November 1997. In the study region, late October-early November is the peak breeding season, when birds have established territories and exhibit strong patterns of site fidelity. For each point count, observers recorded the numbers of each bird species seen or heard within an approximate 50-m radius. Birds flying over transects were recorded but not included in the analysis. Counts were completed between 0530 and 0930 and were not undertaken on days of poor weather (rain, snow, high wind, heavy fog, or heavy cloud cover). To minimize the effect of confounding between landscape context classes and weather conditions, representatives from all four context classes were sampled on any given day.
A total of 22 experienced bird observers from the Canberra Ornithologists Group participated in the surveys in 1996 and 1997. All 165 sites were surveyed in 1996, and ϳ50% of the remnant sites were sampled a second time during that year. Different observers were used for the repeat counts. The same 165 sites were surveyed again in 1997. Although observers were experienced, they varied in their ability to detect some (but not all) groups of birds. Cunningham et al. (1999) showed that, for the 22 experienced observers, extra variability due to observer heterogeneity can be compensated for by averaging the counts of two or more observers at the same site.
Life history attributes
Data on life history and other attributes of birds were collated from the literature. These data included body mass, group type (solitary, pairs, or flock), social system (monogamous, polygamous, etc.), type of nest (hollow, cup, mud bowl, etc.) , nest placement (horizontal fork, ground, etc.), nesting height, number of eggs laid in a clutch, number of broods per year, and movement behavior (resident vs. migrant, latitudinal, or altitudinal migrant). In addition, we adopted Mac Nally's (1994) classification of foraging guilds for our analyses and assigned each species to one of 10 guilds based on their major foraging activities: sweeper (captures airborne insects on the wing); hawker (sallies from a perched position to capture airborne insect below the main tree canopy but above bushes, sallies to capture airborne insects from the ground or from bushes, or perches and gleans prey on branches and trunks); pouncer (captures prey on the ground from a perched position); bush carnivore (perches and gleans prey from branches, twigs, and tree trunks or searches the ground, often by probing); ground carnivore (searches the ground, often by probing or scratching and searching through the leaf litter); bark prober (perches and gleans prey on branches and trunks, probes and prises bark, or searches for prey by tearing bark); wood searcher (perches and gleans prey on twigs, branches, and trunks; foliage searcher (perches and gleans prey on leaves and twigs of trees); nectivore (consumes pollen, nectar, and blossoms or perches and gleans prey on leaves, branches, and trunks of trees); granivore (consumes seeds in the understory; consumes fallen seeds and seeds of grasses).
Measured covariates
The major factors of interest in our study were landscape context and the area and shape of the eucalypt remnants, but other covariates included measures of vegetation structure and plant species composition, underlying lithology, and remnant isolation and connectivity (see Lindenmayer et al. 1999) . These measures were used as potential explanatory variables in modeling bird responses.
STATISTICAL METHODS
Measures of bird response
For each species, we recorded the number of plots on a site (up to a maximum of seven) in which at least one individual was detected; we refer to this measure as the detection frequency. Twenty-two remnant sites had fewer than seven plots (14 eucalypt remnants had five plots and eight had three plots). Thus, for some analyses, it was necessary to normalize these counts by dividing by the number of plots.
Species richness was calculated as the average number of species per plot. The precision of this measure was lower for the small number of sites with fewer than seven plots.
Data reduction
Our detection frequency data can be represented as a matrix of counts defined by the observations (site ϫ year ϫ repeat ϭ 383 rows) and species (ϭ 90 columns [the 90 different taxa recorded at Tumut; see Table 1] ). Each row of this matrix represented the detection frequency of each species. We refer to this, for a given observation, as the bird frequency profile, a multivariate profile of bird ''abundance'' based on the detection frequencies. In a similar way, each column for the data matrix represented the detection frequency pattern across sites and years for each species. We refer to this pattern as the observation (site ϫ year ϫ repeat) usage profile of a given species.
To examine variation in observations in relation to landscape context, year, observer, and other covariates, we reduced the dimensionality of the problem by calculating measures of diversity such as species richness (i.e., the number of species present in each observation). An alternative, more flexible approach was the use of the multivariate rank reduction method, correspondence analysis, CA (Greenacre 1984) . CA involved deriving a set of scores for observations (associated with the rows of our data matrix) and a set of species scores (associated with the columns of our data matrix), so that they were as highly correlated as possible for the bivariate distribution represented by the counts in the table. Mathematically, the solution to the problem can be viewed as an eigen analysis of chisquared distances. Hence, this ordination method is best suited to count data. The derived row and column scores provide a set of summary scores representing salient features of bird frequency profiles for each observation and site usage profiles for each species, in fewer dimensions. Interpretation consisted of an examination of the spread of points in each dimension and an assessment of whether factors associated with observations and species could explain some of the variation in the scores. For our data, correspondence analysis produced scatter plots with no apparent undesirable features (e.g., extreme points and clusters), as is sometimes the case when it is applied to ecological data. In addition, our results show that both row scores and column scores produced by correspondence analysis were eminently interpretable.
Statistical modeling
Species richness and bird frequency profile scores were analyzed by general linear mixed modeling (Searle et al. 1992) to assess the effects of landscape context, year, and other covariates while including extra variance terms for sites and observers. Variation in bird frequency profile scores for remnants was further modeled by including attributes such as remnant size in our statistical analysis. Other covariates considered were forest type, vegetation structure, and plant species composition for all 165 sites. Estimation of parameters in these models was by weighted least squares and restricted maximum likelihood estimation, REML (Robinson 1991). The statistical significance or otherwise of fixed effects was assessed using a change-of-deviance statistic, which was compared to the appropriate chi-square distribution to obtain P values.
Generalized linear mixed modeling (Schall 1991 ) was used to examine, for individual species, relationships between detection rate (the detection frequency normalized by the number of plots), context, remnant size, and the covariates. In cases in which the random site and observer variability were small, logistic regression (Collett 1991) was used.
Ordinary least squares regression (Weisberg 1980 ) was employed to examine relationships between site usage scores derived from the correspondence analysis and the life history attributes of birds.
Spatial correlation
Neighboring eucalypt remnants will tend to have similar climatic conditions and habitat quality. In addition, there may be localized dispersal between eucalypt remnants; hence, the abundance of individual species may exhibit patterns of spatial autocorrelation (Smith 1994) , such as may occur with metapopulation processes (Koenig 1998) . Variograms of detection rates were used to explore patterns of spatial correlation in the distribution of a subset of species in the eucalypt remnants.
RESULTS
Data summary
A large number of bird species occurred at Tumut, and the mean detection rates for each species (see Table  1 , which includes scientific names) showed that individual taxa varied considerably in their use of the different landscape contexts. Some birds such as the Grey Shrike-Thrush and the Brown Thornbill were ubiquitous across the study region. Others such as the Cicada Bird, Gang-Gang Cockatoo, and Olive-backed Oriole favored large, continuous areas of eucalypt forest, but others such as the Little Raven, Superb Fairy-Wren, and Shining Bronze Cuckoo were recorded most often in the eucalypt remnants. Detection rates of several species were similar across all broad groups of sites dominated by eucalypts (i.e., continuous forest and patch and strip-shaped eucalypt remnants), but were substantially reduced in radiata pine. Example taxa included the White-throated Treecreeper, Yellow-faced Honeyeater, and Laughing Kookaburra. Another set of birds was ubiquitous across the eucalypt remnants and radiata pine sites, but was detected less frequently in the large, continuous areas of native eucalypt forest Relationship between species richness and landscape context effects, showing means for radiata pine (denoted as ''Pine'' under the associated column on the x-axis) and continuous eucalypt forest (''Eucalypt''). Associated 95% confidence intervals for mean values are the solid lines in the respective columns on the x-axis for radiata pine and continuous eucalypt forest. The dashed vertical line in each case shows the 95% CI for an individual observation score in these two landscape classes. The codes P and S represent the observations for the patch-and strip-shaped remnants, respectively. Values for the patches are enhanced by a solid line showing the significant relationship between species richness and log of patch area in hectares. Values for the strips are enhanced by a dashed line showing the significant relationship between species richness and log of strip area in hectares.
(e.g., the Olive Whistler and Australian Raven). Another subset of birds was recorded more frequently in radiata pine sites than in other landscape contexts; it included native species such as the Eastern Yellow Robin, as well as the introduced Goldfinch. This range of bird responses highlighted the complexity of landscape context effects in our study. The statistical analyses that we report here provide further insights into the patterns of responses observed.
Species richness
On average, 23.1 (95% confidence interval: 22.0, 24.2) species were present in continuous eucalypt forest, 20.6 (19.5, 21 .7) species in patch-shaped eucalypt remnants, 20.6 (19.5, 21.7) species in strip-shaped eucalypt remnants, and 16.7 (15.6, 17.8) species in radiata pine. Species richness differences between continuous eucalypt forest, eucalypt remnants, and radiata pine stands were statistically significant (P Ͻ 0.001), as were differences in species richness (averaged across all sites in the study) between 1996 and 1997 (20.1 and 25.0 species, respectively). There was also a significant (P Ͻ 0.001) positive linear relationship between species richness and log of remnant area. There was evidence (P ϭ 0.035) of a difference in this relationship between patch-shaped eucalypt remnants and stripshaped eucalypt remnants; for patches, the number of species increased by 1.92 per unit of log(area), whereas the corresponding increase for strips was 0.71 (Fig. 2) .
Correspondence analysis: the analysis of bird frequency profile scores Of the 90 species of birds detected at Tumut, 14 species were excluded from multivariate analyses be- cause they were detected on fewer than four sites. Thus, a matrix of counts of 76 species of forest birds (columns) for 383 (site ϫ year ϫ repeat) observations (rows) was used in the analysis.
Only the first two dimensions from the correspondence analysis are considered here because we could not find interpretable patterns in the third dimension. Correspondence analysis yielded two sets of points in a plane: one representing the 383 observations (rows; Fig. 3a) and one representing the 76 species (columns, Fig. 3b ). Each point in Fig. 3a represents, for a given observation, a summary of the bird frequency profile for that observation, weighted according to the relative abundance of species recorded. Points close together have similar profiles, whereas those distant are dissimilar. Because correspondence analysis treats rows and columns in the same way, the points representing species (Fig. 3b) are interpreted in a similar way. Here, points represent site ϫ year usage profiles for each of the 76 species. Thus, species that co-occur in the same sites ϫ years with similar frequencies will have similar site usage profiles.
Relationship between bird frequency profiles and site attributes
Scores from correspondence analysis dimensions relating to observations can be interpreted in relation to other variables associated with observations, such as landscape context, site covariates, and year, as well as random observer and random site effects. Bird frequency profile scores of the first dimension show a well-defined and statistically significant (P Ͻ 0.001) gradient between radiata pine and continuous eucalypt forest (Fig. 4) . Between these two major landscape context classes were the eucalypt remnants.
Additional analysis showed that the bird frequency profile scores in eucalypt remnants were strongly (P Ͻ 0.001) related to the log of remnant area, and there was no difference in this relationship between patch-and strip-shaped remnants (Fig. 4) . Thus, the bird frequency profiles in small eucalypt remnants were similar to those in radiata pine, whereas those in large remnants were similar to those in continuous Eucalyptus forest. strong (P Ͻ 0.001), negative linear relationship between bird frequency profile scores and the logarithm of the area of eucalyptus forest within a 2 km radius of the site (not shown graphically). Radiata pine sites close to large areas of eucalypt tended to have bird profiles similar to those in small-to-intermediate fragments, whereas isolated sites had a ''uniquely'' pine profile.
Taxa contributing most to the contrast in bird frequency profiles between eucalypt forest and radiata pine can be identified by plotting the average detection frequencies against species order, where the ordering is by column score 1 (Fig. 5) . Species numbered on the left-hand side of Fig. 5 are those in which the probability of occurrence was higher in continuous eucalypt forest than in radiata pine (e.g., Australian King Parrot and Gang-Gang Cockatoo). Those numbered on the right-hand side of the diagram include species more likely to be present in the radiata pine than in continuous eucalypt forest (e.g., Rufous Whister and Whitebrowed Scrub-Wren).
Although there was a significant (P Ͻ 0.001) difference in bird frequency profile scores for 1996 and 1997, there was no significant interaction between landscape context and year. The between-year difference was small relative to the landscape context differences.
The second dimension obtained from correspondence analysis showed strong (P ϭ 0.01) evidence of different bird frequency profiles (not the same contrast as in dimension 1) between patch-and strip-shaped remnants (Fig. 6) . Taxa distinguishing these profiles included Crimson Rosella, Sulphur-crested Cockatoo, and Australian Magpie (species more often detected in the patch-shaped eucalypt remnants) and Golden Whistler, Eastern Whipbird, Rose Robin, White-eared Honeyeater, and White-naped Honeyeater (species more often detected in strip-shaped eucalypt remnants; Fig. 7 ). There also was evidence of significant year effects (P 
FIG. 8. Summary of significant relation-
ships between the species site usage score 1, associated with the contrast in bird frequency profiles between radiata pine and eucalypt forest, and life history attributes of birds. Graphs show the mean relationship and associated 95% confidence intervals for (a) foraging guilds, sensu MacNally (1994): 1, sweeper; 2, hawker; 3, pouncer; 4, ground carnivore; 5, bush carnivore; 6, bark prober; 7, wood searcher; 8, foliage searcher; 9, nectivore; and 10, granivore; and (b) maximum nest height (m), with the 95% confidence interval indicated by dashed lines. ϭ 0.001). However, the magnitude of these effects was smaller than for the first dimension.
Relationship between species scores and life history attributes
Species site usage (column) scores can be interpreted in relation to avian life history attributes. Because of the geometric correspondence of the observation (row) scores and the species (column) scores, they can be interpreted simultaneously, providing a means of associating life history attributes with site attributes. High colinearity among the life history attributes (e.g., body size and clutch size; Olsen 1995) meant that their relationships with site usage scores were examined one at a time.
Significant relationships were found between first dimension site usage scores and foraging guild (P ϭ 0.04) and maximum nest height (P Ͻ 0.001; Fig. 8 ). Birds belonging to particular foraging guilds such as hawkers, bush carnivores, bark probers, wood searchers, foliage searchers, nectivores, and granivores were less likely to be detected in radiata pine and small eucalypt remnants than in continuous eucalypt forest and large eucalypt remnants. Taxa belonging to foraging guilds such as sweepers and ground carnivores were those more likely to occur in radiata pine stands and small eucalypt remnants. Those species that had a greater maximum nesting height were more likely to be detected in continuous eucalypt forest and large eucalypt remnants than in stands of radiata pine and small eucalypt remnants.
Our data (see Fig. 9 ) also showed significant relationships between the second dimension site usage scores (associated with patch-shaped vs. strip-shaped eucalypt remnants) and body size (P ϭ 0.04), size of clutch (P Ͻ 0.001), nest types (P ϭ 0.006), and movement patterns (latitudinal vs. altitudinal migrant vs. resident; P ϭ 0.008). Birds more often detected in patchshaped remnants tended to be smaller, produced smaller clutches, were more likely to be migratory, and typically had cup nests or burrows.
Supplementary analyses
The locations and configuration of points representing species in the correspondence analysis (Fig. 3b) and the diagnostic plots shown in Figs. 5 and 7 provide insight into the taxa contributing most to the gradient among observations. Based on this, an indicative set of taxa was chosen to highlight different responses to the landscape context effects that we have described. We modeled detection rate data, rather than count data, because of the large number of zero counts. The pattern of effects and inference obtained from the analysis of detection frequency data should be consistent with those obtained from count data, as there was a strong, positive monotonic relationship between detection rate and count data for all species examined (e.g., Sulphurcrested Cockatoo, White-throated Treecreeper, and Red Wattlebird).
Individual species responses to remnant size were further explored by modeling relationships between the probability of detection for a selection of species and remnant size, grouped into four categories: Ͻ3.3 ha, 3.3-9 ha, 9-24.5 ha, and Ͼ24.5 ha. We present results for a subset of exemplar taxa that highlighted varying responses to eucalypt remnant size effects ( Table 2) . The Golden Whistler, European Blackbird, and Australian Magpie were significantly more likely to be detected in smaller remnants; Red Wattlebird, Sacred Kingfisher, Leaden Flycatcher, and White-naped Honeyeater were more likely to be detected in larger remnants; and Superb Lyrebird and Eastern Yellow Robin were more likely to be detected in the intermediatesized remnants. In other cases, species such as the Laughing Kookaburra had similar probabilities (ϳ17%) of detection across all remnant size classes, even though they were more likely to occur in continuous areas of eucalypt forest than in stands of radiata pine.
Statistical relationships between bird detection rates and combinations of landscape context and measured habitat covariates were examined for 15 species. Detection rates for the majority of species examined could be partly explained by measures of ground and shrub cover. As an example, the Yellow-faced Honeyeater was significantly more likely to be recorded on sites supporting more shrubs (P ϭ 0.019), increasing cover of bracken (P ϭ 0.02), and increasing cover of blackberry (P ϭ 0.008). For the Eastern Whipbird, the probability of detection increased significantly with increasing litter (P ϭ 0.002) and bracken cover (P ϭ 0.014), but decreased significantly with increasing cover of blackberry (P ϭ 0.013). Landscape context and between-year effects remained significant after statistically adjusting for these factors in the relationships for both the Yellow-faced Honeyeater and the Eastern Whipbird.
Other effects
Most species showed higher detection rates in 1997, when it was wetter than in 1996, and when resources like nectar may have been more plentiful. A few species such as Little Raven and Brush Cuckoo, typically with low detection frequencies, showed the opposite effect. There was no evidence of spatial dependence in abundance of birds between remnants, both for individual species and the correspondence analysis scores.
DISCUSSION
Our analyses show a strong contrast in bird assemblages between areas of continuous eucalypt forest and stands of radiata pine. Further, the frequency profiles of birds change with the area of eucalypt remnant, with the larger remnants showing similarities to the continuous eucalypt forest and smaller remnants showing similarities to radiata pine stands. These results are supported by analyses of selected individual species. The observed bird distribution patterns can be partly explained by life history attributes.
Multivariate bird frequency profiles
There was strong empirical evidence for a gradient in the bird frequency profiles between radiata pine stands and continuous eucalypt forest. Different patterns in the bird frequency profiles along this continuum encompassed changes in the presence of taxa, and, given presence, changes in relative abundance. The eucalypt remnants provided a link between the two extreme bird frequency profiles, and the nature of this gradient depended strongly on eucalypt remnant size. As remnant size increased, the bird assemblage was increasingly like that characteristic of continuous eucalypt forest and less like the surrounding radiata pine stands. This finding was consistent with some previous investigations, which have shown that taxa in the land-scape matrix (here the radiata pine stands) will often also be those typical of habitat remnants (e.g., Blake 1983 , Laurance 1991 . However, our results clearly showed that as the size of the remnants increased, many species (although not all) typical of continuous areas of native eucalypt forest were detected. A plausible reason for this is that more resources were provided by increasingly large eucalypt remnants, which enabled species to occupy them in abundances more characteristic of the continuous eucalypt forest.
A further interesting result was the convincing evidence of a gradient in bird profiles within the radiata pine plantation, which was related to the extent of native eucalypt forest close to pine sites. Isolated pine sites had a ''uniquely'' pine profile, whereas those surrounded by large areas of eucalypt tended to have bird profiles more like those of small-to-intermediate eucalypt fragments.
Bird responses to landscape context and remnant size could, in part, be explained by bird life history attributes. Other authors have suggested that there may be relationships between life history attributes and landscape change (Hansen and Urban 1992) , a hypothesis consistent with our findings. We found evidence of relationships between foraging guilds (as assigned by Mac Nally 1994) and the radiata pine vs. eucalypt forest landscape context effects. Birds that foraged on bark substrates (e.g., bark probers and wood searchers), foliage-gleaning taxa, nectivores, and granivores belonged to foraging guilds detected significantly more often in eucalypt forest than in radiata pine. Example taxa include Red Wattlebird, Striated Pardalote, Yellow-faced Honeyeater, Eastern Spinebill, and Leaden Flycatcher. Stands of exotic softwood lack many of the key food resources required by Australian birds. These food resources include flowers, nectar, pollen, and fruit as important dietary items, as well as strips of decorticating bark and other bark types, and litter accumulations that form microhabitats for insect prey and are also absent from softwood stands (Ahern and Yen 1985, Loyn 1985) . The European Goldfinch, European Blackbird, and Eastern Whipbird were detected more often in radiata pine ( Table 2) . Two of these species are ground carnivores (sensu Mac Nally 1994), a foraging guild more strongly associated with radiata pine stands.
Species that had a greater maximum nesting height were more likely to occur in eucalypt forest than in radiata pine, but this outcome is difficult to explain unless it may have been a surrogate for some other attribute of bird life history, such as the use of hollows. However, we did not find significant effects of nest type or other life history attributes. Alternatively, birds that typically locate their nests high above the ground may be precluded from doing so in stands of radiata pine because of branching patterns unsuitable for support of nesting sites in fast-growing and/or regularly thinned stands.
Differences in bird profiles associated with the contrast between patch-shaped and strip-shaped remnants (the second dimension of correspondence analysis) could be also partly attributed to several life history attributes. Birds more often detected in the patchshaped eucalypt remnants tended to be smaller, produced smaller clutches, and were more likely to be migratory. In addition, these birds were more likely to have cup nests or burrows. Patch-shaped eucalypt remnants often did not contain watercourses or riparian vegetation that typically support high bird populations, as shown in other studies (e.g., Recher et al. 1980) . Hence, there may have been insufficient resources to support larger species (Recher et al. 1987b ). Smaller bird species, which tend to have smaller home ranges (Schoener 1968) , were the ones most likely to be recorded in the patches. Basic population dynamics theory also would predict that small species with smaller home ranges would reach higher population densities and, in turn, would be less likely to suffer localized extinction. Detection rates of migratory birds were higher than those of nonmigratory taxa in the patches. Strip-shaped remnants were elongated sites that were often isolated from other remnants by only relatively small areas of radiata pine. Conversely, patch-shaped remnants were surrounded by extensive stands of radiata pine forest. Migratory birds, which are capable of moving over prolonged distances, including areas that may be largely unsuitable, may be more likely to colonize semiisolated patches than are residents. Other studies have shown differences between the responses of migratory and nonmigratory bird species to fragmentation, although the responses of the different groups are not consistent between studies (e.g., Schmiegelow et al. 1997 , cf. Bender et al. 1998 .
Landscape context effects were consistent across the two years of observation, despite differences in the overall counts between years. Large differences were recorded in detection rates in 1996 and 1997, not only for the bird assemblage per se (Fig. 6 ), but also for individual taxa. Between-year effects were expected, given that 1996 was a particularly dry autumn and winter, and resources such as nectar production, which are important for a range of taxa, would have been depleted in that year. In contrast, 1997 was much wetter (Bureau of Meteorology, unpublished data), as reflected by the higher rate of detection of many species, particularly honeyeaters such as the Red Wattlebird, Yellow-faced Honeyeater, and Noisy Friarbird. Other authors have demonstrated large between-year effects among populations of Australian birds (e.g., Egan et al. 1997) . It is possible that the highly significant between-year differences in our study were influenced by the influx of partially nomadic taxa. However, our analysis identified large differences for a large majority of the species at Tumut, including both sedentary and nomadic taxa. It is also possible that nomadic species may have responded differently to the landscape mosaic then more Ecological Monographs Vol. 72, No. 1 sedentary taxa, e.g., by being able to use resources in many different eucalypt remnants. However, we found no evidence for such differences in our study: both nomadic and sedentary species contributed to changes in the bird frequency profiles observed across the gradients in landscape contexts and remnant sizes. Statistical models for the probability of occurrence of many bird species included not only landscape context effects and between-year differences, but also attributes of vegetation cover, particularly of the understory and ground layers. These results provide good evidence of multiscale influences on species distribution patterns at Tumut; that is, influences at a landscape scale (e.g., forest type and remnant shape) and at a microscale (e.g., vegetation structure).
Species richness
On average, there were 6.4 more species recorded in continuous eucalypt forest sites than in sites in radiata pine. These findings are consistent with other studies in native (eucalypt) hardwood and exotic softwood forests in Australia, which show that the number of vertebrate taxa is lower in radiata pine forest than in native forest (e.g., Suckling et al. 1976 , Friend 1982 , Smith 1982 . Although statistically significant, the difference that we found between these two broad forest types was smaller than expected, particularly because other workers have shown that radiata pine forests support a depauperate bird fauna. The relatively large number of bird species in radiata pine in our study was interesting. Our results are not related to the occurrence of exotic taxa, because only two were consistently recorded in radiata pine stands (European Blackbird and Goldfinch; see Table 1 ). They are also not related to the presence of occasional eucalypt stems in radiata pine stands, which has influenced outcomes in other studies (Recher et al. 1987a) . Plantation forests in our study area were relatively ''pure'' as a result of extensive, recurrent harvesting by heavy logging machinery over a prolonged period (up to 65 years). Some birds with breeding territories in the eucalypt remnants may forage in the pines, contributing to the number of birds seen there. It is also possible that the presence of many species of native birds in the radiata pine stands is related to the landscape being a mosaic of eucalypt remnants surrounded by plantation forest. Strong evidence for this comes from the relationships between the bird frequency profile scores and the amount of native vegetation surrounding the radiata pine sites. Isolated sites had a uniquely pine profile, whereas the profiles of radiata pine sites where the surrounding vegetation contained a large amount of native vegetation were more akin to those of small-and intermediatesized eucalypt remnants. Therefore, some species of birds may not persist in the radiata pine landscape without the resources provided by the neighboring eucalypt remnants. Results of our study showed that eucalypt fragments of all sizes and shapes have conservation value, not only because they contain many native species of birds, but also because they increase native bird populations in nearby radiata pine plantations.
The large number of species occupying areas of remnant eucalypt forest, even relatively small remnants, was surprising. The number of species increased linearly with the log of remnant area, and this effect was more pronounced in patch-shaped than in strip-shaped remnants. Birds present in a remnant may not breed there (Temple and Cary 1988) , or may be susceptible to high rates of nesting failure (Robinson et al. 1995) . Therefore, occurrence may be a misleading indicator of habitat suitability (Van Horne 1983) . However, our data strongly suggest that many species of birds use the eucalypt remnants, and other recent field observations of nesting (D. B. Lindenmayer and R. B. Cunningham, unpublished data) indicate that they successfully breed in them.
Our data show increasing species richness with increasing eucalypt remnant area. Connor and McCoy (1979) believed that there were at least three (and possibly more) explanations for such species-area relationships that are commonly observed in ecology (Preston 1962; reviewed by Rosenzweig 1995) . These explanations were: (1) increasing habitat diversity with increasing area; (2) higher population sizes and thus lower extinction rates, leading to more species in larger areas; and (3) passive sampling in which larger areas contain larger ''samples'' with more species than smaller areas. Connor and McCoy (1979) noted that all three mechanisms may apply in any given location; direct experimentation is needed to test the plausibility of each hypothesis. At Tumut, the area of both the radiata pine matrix and the continuous eucalypt forest is very large relative to that of the eucalypt remnants. However, the number of species in continuous eucalypt forest or radiata pine plantation is not vastly different from the number of species recorded in eucalypt remnants. Thus, it appears very unlikely that passive sampling is a key mechanism influencing the patterns that we have observed.
Species response and fragmentation theory
The increased probability of occurrence of some species in larger remnants is commonly observed in ecology; these areas may contain more suitable habitat and/ or larger, less extinction-prone populations. In contrast, the preference of some species for small remnants is a rare finding in ecology. The lack of predators and/or competitors in small remnants (Ogle 1987 ), a preference for edge habitats (Paton 1994) , the prevalence of generalist taxa (Gascon and Lovejoy 1998) , and/or the ability to persist in the surrounding radiata pine landscape matrix (Estades and Temple 1999 ) may have contributed to the greater probability of occurrence of some taxa in smaller eucalypt remnants. The preference of some taxa for intermediate-sized eucalypt remnants is interesting. We are not aware of a similar result being reported in other fragmentation studies. It is possible that limited resources within small remnants may preclude some area-sensitive birds, whereas medium-sized remnants contain suitable food and shelter, but at insufficient levels for potential predators and/or competitors. Such birds may then be excluded in still larger remnants by these predators and/or competitors.
Our findings clearly demonstrate that the responses of birds to landscape cover and habitat fragmentation are more diverse and complex than previously recognized. Some of the theoretical developments for predicting species responses to fragmentation have come from modified agricultural landscapes, and may not fully apply in a heterogeneous forest mosaic where the surrounding matrix is not wholly inhospitable (e.g., Sisk et al. 1997 , Tocher et al. 1997 , Gascon and Lovejoy 1998 , Estades and Temple 1999 .
Because many species were distributed across the different landscape components at Tumut at different frequencies, they did not appear to be behaving as populations of interconnected subpopulations or classic metapopulations (sensu Hanski and Simberloff 1997) with particular taxa restricted only to a ''mainland'' (here, the continuous eucalypt forest) or to eucalypt remnants or specific types of remnants. Instead, the radiata pine ''matrix'' surrounding the remnants provided at least some suitable or partially suitable habitat, a distribution pattern more akin to the variegated landscape concept developed by McIntrye and Barrett (1992) . This conclusion is supported by our finding of no evidence of spatial dependence in the distribution of any bird species across the remnants in our study. Patterns of spatial correlation would be expected to occur if traditional metapopulation processes were occurring (Hanski 1998 , Koenig 1998 ) and eucalypt remnants remote from other large remnants or continuous eucalypt forest remained unoccupied. Several possible factors may account for the lack of spatial dependence in our data. First, the fragments of remnant vegetation at Tumut may themselves be distributed in a random fashion throughout the landscape, and bird distributions associated with them may similarly be randomly distributed. Second, it is possible that bird species at Tumut simply do not exhibit patterns of spatial dependence per se, either in a network of eucalypt remnants or in an unfragmented spatial setting. Third, the radiata pine landscape matrix may provide suitable forest cover to eliminate gap-crossing problems for birds (see Dale et al. 1994 ). This may allow birds to readily move and disperse between eucalypt remnants.
The assemblage patterns observed at Tumut cannot be adequately explained by nested subset theory (Patterson 1987) , in which new taxa would be added to an original (minimal) assemblage of birds in an ordered and progressive fashion in response to increasing remnant size. Some species occurred almost exclusively in the radiata pine sites or the eucalypt remnants, and were virtually absent from large, continuous areas of eucalypt forest. Features of the assemblage patterns that were inconsistent with nested subset theory are as follows: (1) many species were found in all landscape contexts; (2) there was some exchange (rather than an accumulation) of species along a well-defined gradient between radiata pine forest and continuous eucalypt forest; (3) there was a marked difference in the relative frequencies of individual species in the mix of bird species (bird frequency profiles) along the gradient between radiata pine stands and large, continuous areas of eucalypt forest; and (4) there was strong evidence of a relationship between bird frequency profiles and life history attributes. In the extensive literature on assembly rules (see Belyea and Lancaster 1999) , there is no obvious mechanism that would account for these patterns.
Implications for the management of remnant native vegetation and plantation design
Information on the use of remnant patches of eucalypt forest by diurnal birds is valuable, because large areas of new softwood plantation will be established in southeastern Australia over the next decade (Department of Primary Industries and Energy 1997). Ecological insights are needed to guide their development. Forest management agencies are now looking for criteria and indicators of sustainability (including wildlife conservation) within plantation forests (State Forests of New South Wales 1998) and codes of plantation establishment practice are presently being drafted (NSW Department of Land and Water Conservation, unpublished document).
Plantation expansion will take place on semi-cleared grazing lands that currently support areas of remnant eucalypt vegetation. These developments will require important decisions relating to the clearing and retention of remnants for these landscapes to retain value for wildlife. Key questions for conservation management and ecologically sensitive plantation design include the following. What types of remnants should be exempt from clearing during the establishment of radiata pine plantations? What size and shape should patches of retained native vegetation be? Where should such areas be located?
This investigation demonstrated that eucalypt remnants, even when surrounded by extensive stands of exotic softwood radiata pine trees, supported many species of birds (on average, ϳ21 species, of which only two were exotics). Data on species richness, bird frequency profiles, and individual species indicated that both patch-shaped and strip-shaped eucalypt remnants could make an important contribution to the persistence of avifauna. Thus, eucalypt remnants should not be cleared as part of radiata pine plantation establishment. The number of bird species increased linearly with the log of remnant area (particularly in the case of patchshaped remnants). Larger patches (which support more species) should be given highest priority for retention during plantation establishment. However, even relatively small remnants were surprisingly species rich and supported many native bird taxa. Not all species occur in such remnants, and populations of some taxa that presently occupy them may not be viable in the long term (although some small remnants in this study still supported a relatively rich native bird fauna 65 yr after isolation). Nevertheless, we argue that small and intermediate eucalypt remnants (including those as small as 1 ha) also have conservation value and should not be cleared simply because they are not large. The retention of eucalypt remnants within the plantation estate will create a more complex landscape mosaic than a simplified monoculture of exotic radiata pine forest, and this will have positive benefits for the conservation of bird communities at a landscape scale (Recher et al. 1987b) . A radiata pine plantation landscape devoid of eucalypt remnants would support a very different (and more depauperate) bird assemblage than one that is a mosaic of native and exotic forest. Thus, the eucalypt remnants may contribute to the landscape heterogeneity (sensu Forman 1995) in the plantation estate, with potentially positive benefits for bird communities at a landscape scale. This should be taken into account as part of the design specifications for the establishment of future radiata pine plantations.
